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Springtails (Collembola) are unique in Hexapoda for bearing a ventral tube (collophore) on the first 
abdominal segment. Although numerous studies have been conducted on the functions of the ventral 
tube, its fine structure has not been thoroughly elucidated to date. In this paper, we observed the 
jumping behavior of the clover springtail Sminthurus viridis (Linnaeus, 1758) and dissected the ventral 
tube using light microscopy to elucidate the fine structure and the possible function of the ventral 
tube. The results show that a pair of eversible vesicles can be extended from the apical opening of the 
ventral tube. The eversible vesicles are furnished with numerous small papillae, and can be divided into 
a basal part and a distal part. The eversible vesicles have a central lumen connected to the tiny papillae 
and leading to the body cavity. The eversible vesicles can reach any part of the body, and may serve as 
following functions: (a) absorbing moisture; (b) uptaking water; (c) cleaning the body surface; and (d) 
fastening the body on a smooth surface.
Collembola are a primitive class in Hexapoda, and are among the most widespread and abundant terrestrial 
arthropods in the world1. Apart from the most characteristic feature of the jumping organ or furca, which evolved 
through the basal fusion of a pair of appendages on the fourth abdominal segment, all Collembola are character-
ized by the presence of a ventral tube, which is also called the collophore, on the ventral side of the first abdominal 
segment1. The ventral tube is presumed to represent the fused appendages of the first abdominal segment2,3. A 
pair of eversible vesicles is present on the distal end of the ventral tube3. Some scholars believe that the paired 
vesicles can be everted under hydraulic pressure from within the haemocoel4–8. The tips of vesicles carry suctorial 
cups enabling the extended tube to be used as a climbing aid when they crawl over smooth or steep surfaces9.
The functions of the ventral tube have been extensively studied10–20. This organ is extremely important in fluid 
and electrolyte balance, but can also function as a sticky appendage to enable springtails to adhere to slippery 
surfaces1. In some species, the vesicles of the ventral tube may extend more than twice the length of the body and 
be used for self-righting after a jump21. The eversible vesicles were regarded as a “cleaning” organ to clean up the 
body, or as a sticky appendage to enable springtails to adhere to slippery surfaces1,2. The adhesive ventral tube 
may even help direct the springtail jump22,23. An experiment carried out with Sminthurus viridis suggests that the 
ventral tube is used for conveying droplets of water from the hairs of the body to the mouth24.
The structure of the ventral tube differs among different orders25. The ventral tube is normally short in the 
order Poduromorpha, but is considerably long in the order Symphypleona, which is represented by the wide-
spread family Sminthuridae1.
Representatives of Sminthuridae are among the most frequently encountered and brightly coloured spring-
tails26. They live predominantly in superficial leaf litter, on low vegetation, or on the surface of still fresh water, and 
are abundant on trees, particularly in the canopies of tropical humid forests23. Sminthuridae have a characteristic 
globular shape formed by the enlargement and fusion of posterior thoracic and anterior abdominal segments1. 
Most species are exceptional jumpers and some have a conspicuous ventral tube, the vesicles of which when 
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extruded extend for more than twice the length of the body1,6. Because the spherical abdominal cavity has a large 
volume, Sminthuridae can contain longer eversible vesicles in their globular abdominal cavity.
In this paper, we observed the clover springtail Sminthurus viridis (Linnaeus, 1758) and dissected the ventral 
tube using light microscopy to elucidate the fine structure and to explore the possible function of the ventral tube.
Results
Gross morphology of the eversible vesicles. The springtails are roughly spherical, around 1.00 mm 
in length. A short ventral tube is present on the ventral side of the first abdominal segment. We chose the liv-
ing samples anesthetized with diethyl ether and soaked them in normal saline to dissect the worms under 
stereomicroscope.
A pair of eversible vesicles can be extended from the distal opening of the ventral tube (Fig. 1). The eversible 
vesicles are considerably long, and can extend out of the ventral tube to reach any part of the body. The eversible 
vesicles can be divided into a basal part and a distal part. The distal part is furnished with over 200 tiny papillae. 
A few tiny papillae are inserted in the basal part (Fig. 2). Each papilla has a transverse duct leading to the central 
lumen of the eversible vesicle (Fig. 3). The central lumen is connected to the body cavity, and is wrapped in the 
thick powerful muscular tissue. The eversible vesicles connect four muscle rods in the abdominal cavity (Fig. 3C). 
These muscle rods can stretch more than 10 times the length, and provide control to the activity of the eversible 
vesicles. The existence of papillae and their conveying ducts may help understand the functions of the eversible 
vesicles.
Figure 1. The eversible vesicles of S. viridis. (A) Schematic drawing of the adult in ventral view, showing the 
eversible vesicles out of the ventral tube. (a) Distal part of the eversible vesicle; (b) basal part of the eversible 
vesicle; (c) ventral tube; (d) furca; (B) lateral view of the adult, with the eversible vesicles extracted from the 
ventral tube. Scale bars = 0.05 mm.
Figure 2. The eversible vesicles and small tiny papillae. (A) An eversible vesicle. (a) Distal part of the eversible 
vesicle; (b) basal part of the eversible vesicle; (c) the ventral tube; (B) small papillae on the basal part of the 
eversible vesicle; (C) small papillae on the distal part of the eversible vesicle. Scale bars = 0.02 mm.
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the role and movement of the eversible vesicles. Anatomical experiments show that four retractable 
muscle rods are in the body (Fig. 3C). These muscle rods control the eversible vesicles, and help them to extend 
and retract rapidly. The eversible vesicles move very rapidly. For example, they usually spend less than three sec-
onds to extend and retract the eversible vesicles when they clean the body (Fig. 4A,B). Sometimes the eversible 
Figure 3. Liquid transmission duct of small papillae and the eversible vesicles. (A) The transverse duct (arrows) 
for connecting small papillae; (B) the distal part of the eversible vesicle, arrow pointing to the central lumen; (C) 
the eversible vesicles dissected out of the body, a1, a2, b1 and b2, muscle rods of the eversible vesicles; c1 and c2, 
interface to the digestive system; d, the ventral tube on the body surface. Scale bars = 0.02 mm.
Figure 4. The springtail cleans the body with the eversible vesicles. (A) The eversible vesicle is cleaning the 
antennae; (B) the eversible vesicle is cleaning the tergum; (C) the springtail insert its eversible vesicles into 
the soil to absorb moisture; (D) in a test tube, the eversible vesicles help the body stick to the glass. Scale 
bars = 0.05 mm.
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vesicles took longer time to drink water. Due to the existence of the transverse duct and the central lumen, the 
small papillae can directly absorb liquid or adhere to the surface of a smooth substratum (Fig. 4C,D).
Since the springtails inhabit the soil, it is necessary for them to frequently remove dusts or water droplets on 
its body and sense organs using the ventral tube. This behavior can be observed frequently under a macro lens. 
An important function of the eversible vesicles, when at rest, is to clean all part of the body surface. The most 
frequent cleaning part is the antennae (Fig. 4A,B). The eversible vesicles often extend one or two vesicles to clean 
their head, antennae, legs, tergum, and even anus (Figs 4A,B and 5D).
The springtails are good at jumping. We used a hyaline plastic film at different heights (5, 10, 15 and 20 cm) to 
intercept the direction of their jumps. Each time it touched the plastic film, it would be preempted by the eversible 
vesicles and adhere to the smooth surface. When it started to take off, the eversible vesicles extended simulta-
neously. They stretched out the eversible vesicles at jumping, adsorbed on the substrate with the fully-extended 
reversible vesicles at landing, and retracted the eversible vesicles into the ventral tube immediately as soon as the 
legs stood stable (Fig. 6). The tiny papillae assisted the springtails to stay on a smooth surface. Numerous spring-
tails can stay for a long period upside down on a glass (Fig. 4D). As a result, the eversible vesicles can ensure the 
safety and stability of their bodies in a complex environment (Figs 5B and 6).
The results of behavior observations show that the interceptions are roughly the same at different heights. For 
the majority of jumps, the eversible vesicles touched the transparent film first, and then adsorbed on the smooth 
surface. When the six legs were stable, the eversible vesicles can retract into the ventral tube.
Discussion
After dissecting more than 100 samples of S. viridis, a relatively complete and clear slide specimen of the eversible 
vesicles was obtained. The presence of tiny papillae, transverse duct and central lumen confirms that the eversible 
vesicles are important organs of various functions. Because of the existence of small papillae, the eversible vesicles 
can be used to uptake water and liquid directly3,4,6,8–12. They are also a cleaning organ to clean the antennae and 
body surface24. At the same time, they are also a balance and stable organ, which allows the body to adhere to a 
smooth surface and maintain stability1,2,9. Previous morphological studies were mostly concentrated on the basal 
portion of the ventral tube for preserved dead specimens, thus were difficult to find the structure of the eversible 
vesicles4,6–8. Understandably, the eversible vesicles must be soft, flexible, and easy to control to perform various 
functions. The eversible vesicles are hyaline owing to the lack of pigments. The eversible vesicles are retracted 
into the ventral tube and body cavity most of the time. That is why the eversible vesicles are rarely observed in the 
specimens that are traditionally preserved and are observed with ordinary methods.
The eversible vesicles are a special organ with multiple functions, but are rarely found in other animals. To 
adapt to terrestrial life, the eversible vesicles cannot be extended out of the body all the time to make various nec-
essary life activities. Alternatively, they should retract into the body when not use. The existence of small papillae 
and ducts in the eversible vesicles may partly explain the multifunctional behaviors of those springtails27.
Figure 5. Extending motions of the eversible vesicles. (A) The eversible vesicles uptake water directly; (B) the 
springtail stands on the eversible vesicles in water; (C) the eversible vesicles help the mouthparts to uptake 
liquid food; (D) the eversible vesicles are cleaning the head. Scale bars = 0.1 mm.
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The springtails are cleanliness-loving organisms, and do their cleaning work tirelessly when they keep immov-
able, repeatedly cleaning their heads, antennae, legs, terga and anus with the eversible vesicles. To prevent dust 
and debris from being carried on the body, the eversible vesicles need to be cleaned through a series of filtering 
and cleaning procedures, including a pair of forelegs, mouthparts and ventral tube bristles. The part most fre-
quently cleaned is the antennae. Based on our observations, the springtails usually clean up their antennae more 
than 80 times per hour, 2–5 s each time.
During our present investigations, we also observed the internal structure of the ventral tube of the families 
Isotomindae and Tomoceridae in Collembola (data not shown). We found that the Sminthuridae have the long-
est eversible vesicles in Collembola. Other families have very short eversible vesicles, and some even have the 
ventral tube much more retracted in form. This indicates that the form of eversible vesicles may play a role in the 
classification and phylogenetic analyses of Collembola. The investigations of the fine structure of the eversible 
vesicles may also help understand the habits of the springtails and improve the integrative pest management of 
the Collombola23.
Admittedly, we observed the fine structure of the eversible vesicles only through light microscopy. More subtle 
ultrastructure should be found through scanning and transmission electron microscopy. In addition, the behavior 
observations are also without limitations. Evidently, more intense studies are needed to elucidate the structure 
and functions of the eversible vesicles in springtails.
Methods
Biological materials. Live springtails of S. viridis were obtained from the leaves of alfalfa on the north cam-
pus of the Northwest A&F University (34°28′N, 108°07′E, elev. 550 m), Yangling, Shaanxi Province in early April 
2013. The springtails were reared in glass tubes or plastic boxes with fresh alfalfa leaves.
Dissection and preparation of slide specimens. Live adult springtails were anaesthetized with diethyl 
ether and normal saline, and 20 individuals were dissected under an Olympus SZ61TR stereo microscope 
(Olympus, Tokyo, Japan). To effectively dissect the springtails, we made dissecting needles and a pair of tiny 
iris scissors by ourselves, and observed the springtails under a Leica DM500 biological microscope achromatic 
microlens equipped with a cold light illuminator (Leica, Wetzlar, Germany). Slide preparations followed standard 
procedures with a neutral optical resin adhesive and glutaraldehyde fixative, and stained with acid fuchsin and 
methylene blue, respectively. Photographs were taken using a SLR camera with a Nikon D750 + Macro lens under 
the Olympus SZ61TR stereo microscope. All the diagrammatic drawings were made based on our observation 
and photographs. Most behavioral observations were made under a camera with macro lenses.
Behavior observations of the ventral tube. The water uptaking behavior of S. viridis through the ventral 
tube was recorded using a SLR camera with a macro lens at 26–30 °C.
For each experiment, 50 live springtails were placed in an incubator with a layer of soil about 3 cm thick or a 
dark colored paper at the bottom. The water content in the soil was less than 20%. When the springtails began 
to move around in search for food and water within an hour, we slowly injected 1 mL pure water into the soil or 
the paper. In most cases, most springtails moved quickly to the locality of moist soil, extended out an eversible 
vesicle, stayed in the soil for 3–6 s, and then moved to another location to repeat the activity. Video and photos 
were recorded from a transparent plastic box (26 cm × 18 cm × 16 cm). The experiment was replicated five times.
The high-speed video camera failed many times because of the small size of the springtails, its rapid jump and 
its random direction. We used a colorless transparent film to intercept different heights. Plastic film intercepted 5, 
10, 15 and 20 cm above the springtail, and disturbed the springtails to force them to jump.
Figure 6. Jumping process of the springtail. (A) The eversible vesicles stretched out when the springtail started 
to jump; (B) the eversible vesicles fully extended; (C) the eversible vesicles adsorbed on a smooth surface when 
the springtail landed; (D) the eversible vesicles retracted into the body when the legs stood stable and the furca 
recovered under the abdomen.
www.nature.com/scientificreports/
6Scientific RepoRts |           (2019) 9:897  | https://doi.org/10.1038/s41598-018-37354-4
References
 1. Hopkin, S. P. Biology of the Springtails (Insecta: Collembola). Oxford University Press, Oxford 103−105 (1997).
 2. Konopova, B. & Akam, M. The Hox genes Ultrabithorax and abdominal-A specify three different types of abdominal appendage in 
the springtail Orchesella cincta (Collembola). EvoDevo 5, 2 (2014).
 3. Nutman, S. R. Function of the ventral tube in Onychiurus armatus (Collembola). Nature 148, 168–169 (1941).
 4. Eisenbeis, G. Licht- und elektronenmikroskopische Untersuchungen zur Ultrastruktur desTransportepithels am Ventraltubus 
arthropleoner Collembolen (Insecta). Cytobiologie 9, 180–202 (1974).
 5. Eisenbeis, G. Zur Morphologie des Ventraltubus von Tomocerus-spp (Collembola: Tomoceridae) unter besonderer berücksichtigung 
der Muskulatur, der cuticularen Strukturen und der Ventralrinne. Int. J. Insect Morphol. Embryol. 5, 357–379 (1976).
 6. Eisenbeis, G. & Wichard, W. Feinstruktureller und histochemischer Nachweis des Transportepithels am Ventraltubus 
symphypleoner Collembolen (Insecta, Collembola). Z. Morphol. Tiere 81, 103–110 (1975).
 7. Eisenbeis, G. & Wichard, W. Histochemischer Chloridnachweis im Transportepithel am Ventraltubus arthropleoner Collembolen. 
J. Insect Physiol. 21, 231–236 (1975).
 8. Eisenbeis, G. & Wichard, W. Zur feinstructurellen Anpassung des Transportepithels am Ventraltubus von Collembolen bei 
unterschiedlicher Salinität. Zoomorphologie 88, 175–188 (1977).
 9. Brackenbury, J. A novel method of self-righting in the springtail Sminthurus viridis (Insecta: Collembola). J. Zool. 222, 117–119 
(1990).
 10. Noble-Nesbitt, J. A site of water and ionic exchange with the medium in Podura aquatica (Collembola, Isotomidae). J. Exp. Biol. 40, 
701–711 (1963).
 11. Eisenbeis, G. Physiological absorption of liquid water by Collembola: Absorption by the ventral tube at different salinities. J. Insect 
Physiol. 28, 11–20 (1982).
 12. Schreiber, R. F. & Eisenbeis, G. The uptake of organic molecules by the ventral tube of Tomocerus flavescens (Tullberg, 1871) (Insecta: 
Collembola). J. Insect Physiol. 31, 59–70 (1985).
 13. Houlihan, D. F. Water transport by the eversible abdominal vesicles of Petrobius brevistylis. J. Insect Physiol. 22, 1683–1691 (1976).
 14. Houlihan, D. F. Increased oxygen consumption during the uptake of water by the eversible vesicles of Petrobius brevistylis. J. Insect 
Physiol. 23, 1285–1294 (1977).
 15. Hoffmann, R. W. Ü. den Ventraltubus von Tomocerus plumbeus L. und seine Beziehungenzu den gropenunteren Kopfdrüsen. Ein 
Beitrag zur Kenntnis der Collembolen. Zool. Anz. 28, 87–116 (1905).
 16. Willem, V. & Sabbe, H. Le tube ventral et les glandes cephaliques des sminthures. Ann. Soc. Entomol. Belg. 41, 130–132 (1897).
 17. Sedlag, U. Untersuchungen über den Ventraltubus der Collembolen. Wiss. Z. Martin-Luther-Univ. Halle Wittenb. 1, 93–127 (1952).
 18. Verhoef, H. A. & Witteveen, J. Water balance in Collembola and its relation to habitat selection; cuticular water loss and water 
uptake. J. Insect Physiol. 26, 201–208 (1980).
 19. Chang, S. L. Some physiological observations on two aquatic Collembola. Trans. Am. Microsc. Soc. 85, 359–371 (1966).
 20. Favret, C. et al. An adhesive collophore may help direct the springtail jump. Ann. Entomol. Soc. Am. 108, 1–6 (2015).
 21. Christian, E. The jump of springtails. Naturwissenschaften 65, 495–496 (1978).
 22. Simiczyjew, B. et al. Structure and function of the male ventral organ in Onychiuroides granulosus (Collembola: Onychiuridae). Eur. 
J. Entomol. 115, 134–139 (2018).
 23. Bishop, A. L., Harris, A. M. & Mckenzie, H. J. Distribution and ecology of the lucerne flea, Sminthurus viridis (L.) (Collembola: 
Sminthuridae), in irrigated lucerne in the Hunter dairying region of New South Wales. Austral Entomol. 40(1), 49–55 (2014).
 24. Davies, W. M. The effect of variation in relative humidity on certain species of Collembola. Brit. J. Exp. Biol. 6, 79–86 (1928).
 25. Schulz, H. J. Morphological studies of two Denisiella species (Collembola, Symphypleona) with an updated identification key to 
Denisiella species based on males. Soil Organisms 88, 149–153 (2016).
 26. Crotty, F. V. et al. First documented pest outbreak of the herbivorous springtail Sminthurus viridis (Collembola) in Europe. Grass 
Forage Sci. 71(4), 699–704 (2016).
 27. Rościszewska, E. & Ksiazkiewicz, M. Ultrastructure of the transporting epithelium of tubus ventralis in Tetrodontophora bielanensis 
Waga (Collembola). Cytobios 31(123–124), 151 (1981).
Acknowledgements
We thank Jun-Feng Nie for assistance in collecting specimens, and Zhi-Guo Chen (School of life Sciences, 
Ningxia University) for providing part of observing equipment.
Author Contributions
T.C. designed the experiments. C.G.C. and T.C. performed the experiments. C.G.C. and B.Z.H. wrote the 
manuscript. T.R.W. provided technical advice.
Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
